Introduction
The Background Imaging of Cosmic Extragalactic Polarization (BICEP2) measurement of tensor modes from large angle Cosmic Microwave Background (CMB) B-mode polarisation [1] may confirm the last missing generic prediction of the inflationary paradigm [2, 3, 4] -the existence of primordial tensor perturbations from gravity waves [5, 6, 7] . BICEP2 claims to have detected primordial gravitational waves, measuring the tensor-to-scalar ratio to be [1] r = 0.20
It is still unclear how much such a measurement will be affected by the subtraction of the dust foreground [8, 9] . The BICEP2 result, if confirmed, corresponds to the Hubble parameter H * ∼ 10 14 GeV and inflaton potential V ∼ (10 16 GeV) 4 during inflation. This implies, in a model-independent way via the Lyth bound [10, 11] , trans-Planckian values for the inflaton field. This also implies that the measured primordial curvature perturbations are dominantly generated by a slowly rolling inflaton, disfavouring curvaton scenarios [12] and allowing to rule in or rule out the slow-roll inflation with future measurements of nonGaussianity f NL [12, 13] . Although alternative scenarios can be saved by adding extra fields and dynamics to models, in the following we shall assume that the BICEP2 result will be substantially confirmed and that it favours generic trans-Planckian single field slow-roll inflation.
Perhaps the most intriguing and most studied consequence of the BICEP2 result is the high scale of inflation. Following the standard Wilsonian prescription, the inflaton φ potential can be written as
where V ren is the renormalisable part of inflaton potential, M P = 2.4 × 10 18 GeV is the reduced Planck mass, and c n are the Wilson coefficients of gravity-induced higher order operators. Since BICEP2 implies φ/M P (1÷10) [14] , the infinite sum of non-renormalisable operators in (2) is badly divergent, predicting V (10 16 GeV) 4 and messing up the inflation [15] and (meta)stability of the scalar potential [16] .
Trans-Planckian inflaton values have created a lot of confusion in physics community. The proposed solutions vary from assumptions that the unknown UV theory of gravity is such that all non-renormalisable operators are exponentially suppressed [15, 17, 18, 19] , to abandoning the inflation as the origin of density perturbations [13] . However, in the light of successful experimental verification of all five generic predictions of the slow-roll inflation (almost scale-invariant density perturbations, adiabatic initial conditions, nearly Gaussian fluctuations, spatial flatness, and, finally, tensor perturbations from gravity waves) one should first study the implications of the BICEP2 result to our understanding of quantum field theories. This is the aim of our work.
We argue that the apparent absence of the Planck scale induced operators (2), as proven experimentally by the BICEP2 result, is an evidence for classically scale-free fundamental physics [20] . This implies that all scales in physics are generated by quantum effects. We show that this paradigm can be extended also to inflation in a phenomenologically successful way. We present a most minimal scale-free inflation model and show that the result is predictive and consistent with the BICEP2 and Planck measurements.
The idea of scale-invariant inflation is not new. Already the very first papers on inflation [3, 4, 21, 22, 23] considered dynamically induced inflaton potentialsà la ColemanWeinberg [24] . Since then the Coleman-Weinberg inflation has been extensively studied in the context of grand unified theories [25, 26, 27, 28] and in U (1) B−L extension of the SM [29, 30] . The common feature of all those models, probably inherited from the original Coleman-Weinberg paper [24] , is that the dynamics leading to dimensional transmutation is induced by new gauge interactions beyond the SM. However, the dimensional transmutation does not need extra gauge interactions! It can occur just due to running of some scalar quartic coupling λ(µ)φ 4 to negative values at some energy scale µ due to couplings to other scalar fields, generating non-trivial physical potentials as demonstrated in [31] . The models of this type are simple and generic, and therefore we call them the minimal scale-free (or Coleman-Weinberg) models. In this proceeding we study this type of inflation models.
The model 2.1 Properties of single field scale-free inflation scenario
We start by taking a model-independent approach and assume that the shape of the potential is generated dynamically by one-loop effects without specifying the underlying physics. One concrete model realisation will be presented in the next subsection. The tree-level potential to start with is
where φ is the inflaton field, M P = 2.4 × 10 18 GeV is the reduced Planck mass and Λ is the cosmological constant needed to tune the potential of the minimum to zero. While particle physics observables depend only on the difference of the potential, gravity couples to the absolute scale creating the cosmological constant problem that so far does not have a commonly accepted elegant solution. In the following we view the existence of Λ as a phenomenological necessity and accept the fine tuning associated with it. In realistic models of inflation one has to consider effects of inflaton couplings to itself and to other fields. At one loop level, the renormalisation group improved effective inflaton potential becomes
where the beta-function β λ φ describes running of λ φ due to inflaton couplings and φ 0 is the scale induced by dimensional transmutation that is closely related to the minimum of the potential. Unlike the previous works [3, 4, 25, 26, 27, 28, 29] , we will make do without extending the gauge symmetries of the SM. Treating β λ φ as a constant parameter, V has a minimum at
According to our assumptions, the cosmological constant Λ is adjusted so that V (v φ ) = 0. This is needed in order to avoid φ = v φ as an allowed inflaton initial configuration that leads to eternal inflation and the concerning issues [32] . Solving this constraint for Λ, we get
The potential in eq. (4) represents a dynamical realization of the inflaton potential. The shape of the potential is illustrated in Fig. 1 . Such a shape allows for two different, generic types of inflation depending on the initial conditions:
i. Small-field hilltop inflation, when φ rolls down from small field values towards v φ ii. Large-field chaotic inflation, when φ rolls down from large field values towards v φ .
Following [33] , it is straightforward to compute the slow roll parameters, number of efolds N , spectral index n s and its scale dependence, tensor-to-scalar ratio r and other inflation observables for the potential (4). We study for which parameter space this potential can support phenomenologically acceptable inflation. The result in the (n s , r) plane is presented in Fig. 2a . The red and the blue regions correspond to the predictions of our model producing N ∈ [50, 60] e-folds of inflation. We considered φ 0 in the range [0.1, 1000] M P .
The blue region represents the hilltop inflation configuration while the red one corresponds to the chaotic inflation. For reference and for interpretation of our result we also plot the predictions of V = It follows from Fig. 2a that the spectral index and the tensor-to-scalar ratio are strongly correlated in the considered scale-free inflation scenario. Present experimental accuracy allows for quite large model parameter space consistent with the BICEP2 result, with the Planck result, and with the both. After BICEP2, the m 2 2 φ 2 chaotic inflation potential has got a lot of attention since its predictions agree well with experimental results. In our case this corresponds to the limit of very large inflaton vacuum expectation value (VEV), v φ M P . In this limit the shape of inflaton potential around the minimum becomes symmetric and inflation observables lose sensitivity to the initial conditions. To explain this limit better, we plot in Fig. 2b the predicted range for r in function of φ 0 producing N ∈ [50, 60] e-folds of inflation in our model and in the m 2 2 φ 2 inflation. The colour code is the same as in previous figures. We can see that for v φ M P , the three different regions overlap. Therefore, if future data will determine (n s , r) along the yellow line in Fig. 2a, this will support the scale-free inflation with a trans-Planckian inflaton VEV. We note that the parameter space considered in Ref. [29] corresponds to the tail of blue region in Fig. 2a with r 0.1 and n s < 0.945. Therefore those authors mistakenly concluded that the scale-free inflation is not consistent with Planck results. The reason for that is that they considered only inflaton field values below the Planck scale. In our opinion this assumption is overly restrictive.
The minimal scale-free model for inflation
In this subsection we present the minimal scale-free inflation model giving rise to the inflaton potential (4). We consider the following Lagrangian which includes two real singlet scalar fields φ and η and three heavy singlet right-handed neutrinos N i :
where L Y presents scalar Yukawa couplings involving the right-handed neutrinos needed for the reheating of the Universe. We assume that the kinetic terms are canonically normalised and there are no explicit mass terms in the scalar potential V . The couplings in L Y run according to the coupled set of renormalisation group equations (RGEs) given in the Appendix of [20] .
The one-loop inflaton effective potential can be written as
where the loop-level contribution reads
Here m 2 i are the eigenvalues of the field-dependent scalar mass matrices
and µ is the renormalisation scale. Inflation will take place in the direction η = 0, which is the minimal value for the field η. We will see later that such an assumption is self-consistent. The RGE improved effective potential for the direction of φ reads
where we neglect the one loop contribution of λ φ (since it will be extremely small [20] ) and of the heavy neutrinos. The beta function β λ φ is dominated by λ φη . In the previous section we treated β λ φ as a constant. It can be easily checked that also this assumption is consistent. Therefore
where µ 0 is defined by λ φ (µ 0 ) = 0. We can eliminate the dependence on the renormalisation scale, getting
where φ 0 = 2e 3/2 λ φη µ 0 . We see that we have reproduced the potential in eq. (4). Therefore, the results presented in the previous section all hold for this model, up to a proper redefinition of the parameters.
To conclude we give some numerically details about the other parameters involved. In the allowed hilltop region λ(φ * ) ∈ [−2, 0] × 10 −14 while in the chaotic one λ(φ * ) ∈ [−3, 0] × 10 −16 , where φ * is the field value at the "beginning" of inflation [33] . The portal λ φη 10 −5 , therefore it is small enough to be treated as a constant, and since β λ φ ∝ λ 2 φη , also β λ φ can be treated as a constant as well. The inflaton mass is m φ ∼ 10 13 GeV, while m η ∼ 10 17 GeV. Therefore m η is bigger than the inflation scale V * ∼ 10 16 GeV, and much bigger than the inflaton mass m φ therefore η is decoupled and is frozen at η = 0 during inflation 1 . Thus the model is self-consistent. In order to allow the inflaton decay into righthanded neutrino we must have m φ > 2m N . It can be easily checked that this implies that Y φ is neglectable in RGE and that the reheating temperature T RH ∼ 10 7 GeV. Finally, for consistency, λ η > 0, but otherwise can have any value that do not spoil perturbativity.
Summary
The BICEP2 measurement (1), that we assume will be substantially confirmed by other experiments, motivated us to study predictions of classically scale-free single field inflation. In this scenario the inflaton potential as well as all mass scales are generated dynamically via dimensional transmutation due to inflaton couplings to other fields. Since the inflaton field must take trans-Planckian values, gravity above the Planck scale must couple weakly to particle physics. Classical scale invariance provides also a natural solution to the absence of large Planck suppressed non-renormalisable operators. Such classically scale-free models of gravity have been proposed recently in Ref. [17] . First, working model independently with Coleman-Weinberg type single inflaton potential (4), we computed which values of r and n s the model can accommodate. The results show that r and n s are strongly correlated but the present experimental accuracy does not allow to specify the model parameters, and almost any value of r is, in principle, achievable. However, if future measurements will determine r and n s with high accuracy, this scenario must pass non-trivial tests. Interestingly, if the future result is consistent with the prediction of tree level potential m 2 φ 2 , in the scale-free inflaton scenario this corresponds to very large scale inflaton physics with its VEV above the Planck scale.
We have presented a minimal scale-free inflaton model and shown with explicit computation how the inflaton potential arises from dimensional transmutation. We conclude that classically scale-free inflation models are attractive, self-consistent framework to address physics above Planck scale.
